Animals originated in the Neoproterozoic and 'exploded' into the fossil record in the 39
preservation (10), the window for abundant and exquisite BST fossil preservation is 85 hypothesized to occur in a 'goldilocks' zone near where the chemocline (the point in the water 86 column at which no oxygen remains) intersects the seafloor. At seafloor depths well below the 87 chemocline, the setting is 'supply limited' in that animals cannot live in anoxic conditions, and 88 carcasses simply cannot be supplied to these preservational settings through transport. Only 89 preservation of nektonic/planktonic organisms falling through the water column could potentially 90 occur. Conversely, at seafloor depths well above the chemocline, the setting is 'decay limited' 91 (preservation limited) in that aerobic degradation and bioturbating organisms quickly destroy 92 carcasses. Gaines (10) directly related the quality of preservation and species-level diversity of 93 BST biotas to the position of these deposits along the spectrum from 'supply limited' to 'decay 94 limited'. The most spectacular deposits, such as the Burgess Shale and Chengjiang (Tier 1), are 95 hypothesized to occur in the window where there is sufficient transport energy to carry soft-96 bodied benthic organisms across the chemocline into anoxic waters. Tier II deposits such as 97
Kaili, Marjum and Spence lack sufficient transport energy or have source communities too far 98 up-slope above the chemocline, and so it is dominantly hydrodynamically light organisms (e.g. 99 algae) or dead carcasses that can be carried to the zone of exceptional preservation. Conversely, 100 the labile tissues of organisms living in-situ in these up-slope communities are only rarely 101 preserved due to the prevalence of more oxygenated conditions. Thus at different points along a 102 water-depth transect these Tier II deposits are both supply-and decay-limited. Tier III deposits 103 such as Latham or Indian Springs are hypothesized to have been deposited near storm wave-base 104 in relatively oxygenated conditions, and soft tissues are almost completely decomposed. Or in 105 another sense, only the most recalcitrant tissues are preserved (e.g., (23)). These Tier III sites are 106 consequently the most 'decay limited' in this classification scheme. 107
This hypothesized relationship between BST preservation and the chemocline (10) has 108 mainly been developed on the basis of sedimentological and ichnological data (e.g., (24)). To test 109 this framework, in recent years geochemists have applied several tools to the question, most 110 notably iron speciation analysis and the study of redox-sensitive trace metal concentrations. Both 111 of these proxies rely on identifying enrichments of specific phases or elements (that are known to 112 be incorporated into sediments under reducing conditions) relative to average crustal values or 113 empirically determined shale baselines. Iron speciation tracks the ratio of total iron (FeT) to 114 highly reactive iron phases (FeHR; iron in pyrite plus those iron phases reactive to sulfide on 115 early diagenetic timescales, including iron oxides, iron carbonates and magnetite). In the modern 116 ocean, samples deposited beneath an oxygenated water column have FeHR/FeT < 0.38 (25, 26) . 117
Samples deposited beneath an anoxic water column generally have ratios > 0.38, although rapid 118 deposition, for instance in turbidites, can mute enrichments (the lowest modern anoxic samples 119 have ratios as low as 0.20; (25,27)). Critically, this proxy can also distinguish different types of 120 anoxic water columns: between anoxic and ferruginous water columns (those with free ferrous 121 iron, or more specifically not enough sulfide production to titrate available reactive iron) and 122 anoxic and euxinic water columns (with free sulfide). This is accomplished by examining the 123 proportion of reactive iron that has been pyritized (FeP; represents iron in pyrite). Generally, 124 anoxic samples with FeP/FeHR > 0.7-0.8 are interpreted as euxinic, with ratios below this 125 interpreted as ferruginous (26). As discussed below, whether a water column was ferruginous 126 versus euxinic has important implications for interpreting trace metal patterns, and, perhaps, BST 127 preservation itself. 128
Analysis of redox-sensitive trace metal concentrations relies on the observation that these 129 elements (such as molybdenum, uranium, vanadium or chromium) are generally soluble in 130 oxygenated water columns, and become insoluble and form complexes with organic matter, 131 sulfides or other mineral phases upon reduction in suboxic (only trace amounts of oxygen 132 present; ~ 0.1 mL/L) or anoxic (zero oxygen) water columns (28). Such authigenic metal 133 enrichments are identifiable by comparing concentrations in a given shale sample against 134 baselines meant to represent the background detrital input, such as world average shale (29) or 135 average upper continental crust (30). Concentrations above these baselines would point towards 136 authigenic enrichment, and by inference, a reducing water column. Like with iron speciation, 137 rapid deposition will result in less time for authigenic enrichments to accumulate. 138
The sequestration pathways for each element are unique, with different reducing 139 conditions and the presence/absence of sulfide having large effects on the level of enrichment. 140
For instance, sulfide levels > 11M are required for the quantitative switch from molybdate 141 anion to tetrathiomolybdate, which increases particle reactivity and hence the removal of Mo 142 from the water column into the sediment (31,32). Vanadium does not require sulfidic conditions 143 for initial reduction, but also undergoes a second reduction step in the presence of significant 144 sulfide levels (33), and the presence of large sedimentary V enrichments may require sulfide. 145
Historically, most of the research on authigenic metal enrichment has focused on modern 146 systems or Mesozoic Ocean Anoxic Events, both of which are characterized by water columns 147 and sediments that were generally sulfidic when anoxic. However, ferruginous conditions are 148 increasingly being identified throughout pre-Mesozoic oceans (26,34-36), and recent debate has 149 focused on expected metal enrichments under such conditions (27, (37) (38) (39) (40) . Although this debate 150 remains open with respect to the exact magnitude of enrichment expected, studies have agreed 151 that redox-sensitive metal enrichments will be relatively muted in ancient ferruginous settings. 152
Further complicating the picture, two elements whose enrichment does not depend on the strict 153 presence of sulfide-vanadium and chromium-are the redox-sensitive metals most influenced 154 by variations in the detrital fraction, making the detection of muted enrichments difficult (28, 41) . Wheeler and Spence shales in Utah (44) and the Indian Springs lagerstätte, Nevada (50). These 182 relatively low enrichments have generally been interpreted as representing a purely detrital trace 183 metal source and an oxygenated water column. Consequently, it has also been inferred that 184 anoxia did not play a role (or was not required) for BST preservation. In some cases, the 185 robustness of these trace metal signals has been questioned because some deposits (such as the 186
Burgess Shale and Sirius Passet) have experienced considerable metamorphism (24). However, 187
given the consistent and widespread pattern in deposits with lower metamorphic grade, this is 188 probably a primary depositional signature. But while likely primary, the common interpretative 189 paradigm that low redox-sensitive trace metal contents indicate oxygenated conditions (e.g. The Lower Cambrian (Series 2) Mural Formation, exposed in the southern Canadian 200 Cordillera ( Fig. 1 ), offers an opportunity to refine our understanding of the role of redox state in 201 BST preservation. In terms of preservation, the Mural Formation contains elements of BST soft-202 bodied preservation in one known locality near Mumm Peak ( Fig. 1; Fig. 2D , E), but compared 203
to Tier I and II biotas such as the Burgess Shale, Sirius Passet, Emu Bay, or Chengjiang, it is by 204 no means 'exceptional' in terms of abundance or preservational fidelity. In essence, it preserves 205 recalcitrant cuticles rather than fine morphologies. Also in contrast to most BST deposits that 206 were deposited well beneath storm wave-base (10), the Mural Formation shows evidence of 207 storm activity in stratigraphic proximity to the beds with exceptional preservation. The Mural 208
Formation therefore represents an end-member of BST preservation: perhaps deposited in 209 slightly shallower water, and with soft-part preservation not seen in standard shelly faunas, but 210 not as exceptional as the deservedly more famous BST deposits. In the classification of Gaines 211 The Mural Formation has been the subject of paleontological investigation for more than 231 a century (primarily at its type section near Mumm Peak, Jasper National Park, the focus of study 232 here), and workers have described an abundant shelly fauna including trilobites and obollelid and 233 linguliform brachiopods (58-63). Two known levels have also yielded soft-part preservation 234 magnetite was quantified using the sequential extraction method of Poulton and Canfield (66) . 251
Precision estimates for these methods can be found in the supplementary materials of (35,40). should be noted that obvious sedimentary structures are difficult to see in outcrop. There is 290 evidence for event-driven sedimentation in a relatively thick sandstone marker bed right above 291 the exceptionally preserved interval. Considering that almost all BST deposits involve event-292 based sedimentation (10), more detailed sedimentological and petrographic study of the Mural 293
Formation may reveal additional evidence of these processes. Nonetheless, the observed 294
FeHR/FeT values are still generally lower than the lowest 0.2 ratio recognized in the modern 295 ocean for anoxic turbidites (27), suggesting a most parsimonious interpretation of oxic 296 conditions even with respect to this caveat. Second, in some cases there may not be an 297 appropriate source of detrital iron available to be shuttled into the anoxic basin, and it is this 298
shuttle that ultimately generates the iron enrichments this proxy targets (discussed in (69)). 299
However, such settings are relatively rare, and stratigraphically underlying anoxic 300
Neoproterozoic strata exhibit obvious iron enrichments (36). Perhaps the most important 301 consideration for the Mural is that highly reactive iron can be converted to poorly reactive iron 302 during metamorphism, removing the evidence for anoxic sedimentation ((26,70). Fortunately, 303 total iron (relative to aluminum) is also generally enriched by the iron shuttle under anoxic water 304 columns (71,72), and this ratio is not as strongly affected by metamorphism. With the exception 305 of one sample (interestingly, at the level of the Lingulosacculus quarry; Fig. 3 ), the Fe/Al values 306 (0.48 ± 0.11) are exactly within the range expected of oxic sediments (72). In summary, although 307
we cannot unambiguously rule out anoxic conditions, we can state 1) the only possible anoxic 308 signal-in just one of multiple proxies-occurs at one of the soft-bodied preservation levels, and 309 2) all other available evidence points towards the presence of at least some oxygen in the water 310 column (or more precisely, provides no evidence for anoxia). 311
The Mural Formation thus preserves elements of BST biotas and has no evidence for 312 anoxia. Although seemingly paradoxical, we argue this provides strong evidence for the role of 313 anoxic or periodically anoxic conditions in BST preservation. Put simply, the preservation in the 314 Mural Formation is nowhere near that in the celebrated BST deposits. There is no exquisite, 315 high-fidelity preservation of nervous systems, eyes, gut details, gills, etc. as in other deposits 316 (73-76). The fossils preserved in the Mural Formation at Mumm Peak are the recalcitrant end-317 members of BST preservation: soft-shelled brachiopods (64), anomalocarid appendages, etc. 318
Exceptionally preserved fossils in the Mural Formation are also rare and low-diversity; despite 319 extensive quarrying during our fieldwork, we did not uncover new taxa that had not been found 320 by previous field parties. Core 321
When comparing between BST deposits, it is worth noting that the overall differences in 322 redox state may have been slight. For instance, the Mural is not extensively burrowed, 323
suggesting the water column was not fully oxygenated. And some of the other more spectacular 324 BST deposits may have been deposited in conditions that rapidly alternated between dysoxic and 325 anoxic/ferruginous conditions, with the chemocline established perhaps only slight above the 326 sediment-water interface (24). However, even considering the known difficulty of tracking low-327 oxygen conditions with available geochemical proxies (77), it is apparent that exceptional BST 328 deposits (Tier 1 and 2) have a much greater prevalence of anoxic iron speciation signatures 329 and/or total iron enrichments, minor but observable trace metal enrichments, and positive 330 nitrogen isotope values (35,42,43,45) than the Mural Formation. In other words, there is now 331 geochemical evidence suggesting both the Mural Formation and the transition between the upper 332 Maotianshan Shale and Yuanshan Member 3 in the Chengjiang deposit (43) were more 333 oxygenated and 'decay limited' than Tier I and II deposits. This confirms previous analyses 334 based on detailed sedimentological and ichnological studies that preservation in BST deposits 335 was facilitated by anoxic conditions (24). 336
Towards a refined geochemical model 338
Moving forward, it is clear that anoxia was likely involved in preserving BST fossils, but 339 it is also clear from both sedimentological/ichnological approaches (24,78,79) and multi-proxy 340 geochemical studies (43,45) that these deposits were near the edge of the chemocline, with often-341 times rapid fluctuations into low-oxygen (suboxic/dysoxic) conditions. Tracking low oxygen 342 levels is difficult with our current geochemical toolkit (77), and further, the 343 ecological/oceanographic timescales that matter for organismal habitat viability and fossil 344 preservation often differ from the integrated longer-term geochemical signals studied in hand 345 samples collected by geochemists (27). Indeed, no published multi-proxy BST dataset is 346 completely unambiguous; such ambiguity may actually be a hallmark of very low-oxygen or 347 fluctuating oxic/anoxic systems. In light of this, further gains in understanding of the role of 348 redox conditions will require new approaches. These may include increased efforts to obtain 349 unoxidized drill cores (packsack or 'winky' drills may offer an alternative to a full drill rig; e.g., 350
(80)), and moving from standard bulk-rock geochemistry (such as in this study) to increased 351 micron-and phase-specific interrogation of the geochemical signal, especially in more 352 metamorphosed deposits. Shale-based proxies that can unambiguously resolve oxygenated 353 conditions would also be a major step forward. 354
Most important, geochemical studies should strive towards a multi-proxy approach 355 incorporating as many sources of data as possible, but especially pairing redox-sensitive trace 356 metal analysis with iron speciation. The recognition that water columns were commonly 357 ferruginous (non-euxinic) during this time interval will often make interpretation of trace metal 358 data more difficult. Low Mo abundances are helpful in ruling out fully euxinic water columns 359 (81,82), but in the absence of iron speciation data (the best available method for fingerprinting 360 anoxic but non-euxinic conditions), low concentrations of elements like U, V, and Cr are 361 inconclusive as they could indicate either oxic or ferruginous conditions. Like the Mural 362
Formation, some other 'Tier 3' lagerstätte such as Indian Springs might have been deposited 363 under an oxic water column (50), but this cannot be determined from trace metal data alone. A 364 further issue lies in choosing baseline values. Many studies compare redox-sensitive data to the 365 interpretive scheme of Jones and Manning (51) . This study was groundbreaking in its time 366 (especially the cross-validation approach), but current consensus is that the scheme is optimistic 367 in its true ability to detect such subtle redox shifts. Redox-sensitive trace metal behavior in 368 sediments and the water column is complicated, and many of the Jones and Manning proxies 369 and with respect to more modern chemical oceanographic studies. 376
How exactly anoxic (or fluctuating anoxic-to-dysoxic) conditions directly impacted BST 377 preservation remains unclear. On the one hand, anoxia is a necessary but insufficient prerequisite 378 for BST preservation by eliminating scavenging (10,19,21). Early calcium carbonate 379 cementation and low oceanic sulfate levels may have been equally important in sealing beds 380 from oxidant delivery and reducing microbial decay (83). Beyond simply considering 'anoxia,' it 381 may actually be the specific flavors of anoxia in the sediment and water column that are 382 important in controlling preservation. Specifically, 'suboxic' microbial processes such as iron 383 and manganese reduction dramatically increase alkalinity relative to dissolved inorganic carbon 384 (DIC) and thus raise the calcium carbonate saturation state of porewaters. In contrast, sulfate 385 reduction increases alkalinity ~equal to DIC, and moves saturation state along lines of roughly 386 equal values (Ω) (84). Enhanced iron reduction in Cambrian sediments could therefore have 387 helped induce precipitation of the observed BST seafloor cements critical for 'sealing' carcasses 388 in the sediment. It is worth noting here that many, but not all, of the BST cement layers carry a 389 dominant seawater (rather than microbial) carbon isotope signature (83). However a seawater 390 carbon signature can also be found in other carbonate precipitates believed to be triggered by 391 'suboxic' microbial metabolisms (84). Essentially, a dominantly seawater carbon isotope 392 signature does not negate a role for iron reduction, but rather suggests that relatively little 393 microbial respiratory work was required to tip the scales and induce precipitation (84). 394
The fact that there was abundant iron reduction relative to sulfate reduction during early 395 diagenesis in BST deposits has recently been demonstrated by clay mineralogy studies. A recent 396 investigation of 19 Cambrian sedimentary successions on four continents found that BST 397 deposits were highly correlated with the presence of iron-rich clay minerals (berthierine and 398 chamosite) compared to deposits only containing shelly fossils (85). These clays form during 399 early diagenesis by the transformation of detrital clays in the presence of elevated pore-water 400 Fe 2+ . The exact role of these clays in preservation is unclear, specifically whether they are simply 401 a symptom of some other factor important in BST preservational pathways, or a cause (86,87). 402
Certainly, clays appear to function as anti-microbial agents in decay experiments (88), but the 403 action of iron-rich clays is not significantly different from precursors like kaolinite, and the 404 timescale for the formation of berthierine and chamosite is longer than the timescale required for 405 labile tissue preservation. In any case, considering that pore-water Fe 2+ will not accumulate in 406 the presence of sulfide (89), it is significant that anoxic Cambrian water columns and sediments 407 appear to have had relatively low sulfide-generating potential (35). Thus, a transition in the 408 uppermost sediment column away from extensive iron reduction, and towards sulfate reduction 409 (such as we see in modern OMZs) over the early Phanerozoic may have played multiple 410 geochemical roles in the disappearance of BST preservation. In this view, a transition towards 411 more oxygenated oceans with time may have been important (18), but this alone would be too 412 simplistic; the relative rates of iron versus sulfate reduction matter too. In other words, as oxygen 413 and sulfate levels rose through the Paleozoic (90,91), changes in sediments and water columns 414 towards either more oxic or more sulfidic conditions may have inhibited BST preservational Jen Wasylyk at Parks Canada for permitting and logistical help, Jakob Vinther for field 431 assistance, Richard Stockey and Ross Anderson helpful discussion, and Bob Gaines and an 432 anonymous reviewer for formal comments. We thank Yellowhead helicopters for safe flying. We 433 gratefully acknowledge support by the National Geographic Society's Global Exploration Fund -434
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